Over-reduction of the photosynthetic electron transport (PET) chain should be avoided, because the accumulation of reducing electron carriers produces reactive oxygen species (ROS) within photosystem I (PSI) in thylakoid membranes and causes oxidative damage to chloroplasts. To prevent production of ROS in thylakoid membranes the H + gradient (DpH) needs to be built up across the thylakoid membranes to suppress the over-reduction state of the PET chain. In this study, we aimed to identify the critical component that stimulates DpH formation under illumination in higher plants. To do this, we screened ethyl methane sulfonate (EMS)-treated Arabidopsis thaliana, in which the formation of DpH is impaired and the PET chain caused over-reduction under illumination. Subsequently, we isolated an allelic mutant that carries a missense mutation in the c-subunit of chloroplastic CF 0 CF 1 -ATP synthase, named hope2. We found that hope2 suppressed the formation of DpH during photosynthesis because of the high H + efflux activity from the lumenal to stromal side of the thylakoid membranes via CF 0 CF 1 -ATP synthase. Furthermore, PSI was in a more reduced state in hope2 than in wild-type (WT) plants, and hope2 was more vulnerable to PSI photoinhibition than WT under illumination. These results suggested that chloroplastic CF 0 CF 1 -ATP synthase adjusts the redox state of the PET chain, especially for PSI, by modulating H + efflux activity across the thylakoid membranes. Our findings suggest the importance of the buildup of DpH depending on CF 0 CF 1 -ATP synthase to adjust the redox state of the reaction center chlorophyll P700 in PSI and to suppress the production of ROS in PSI during photosynthesis.
INTRODUCTION
The photosynthetic electron transport (PET) reaction couples with H + influx into the lumenal side of thylakoid membranes. In addition to the release of H + by H 2 O oxidation at photosystem II (PSII), the Q-cycle in the cytochrome (Cyt) b 6 f complex contributes to translocation of H + to the lumenal side of thylakoid membranes by the oxidation of plastoquinol (PQH 2 ); these reactions induce an H + gradient (DpH) across the thylakoid membranes (Cramer et al., 2006) . During the formation of DpH, counter ions (K + , Mg
2+
and Cl À ) move to dissipate the electrochemical gradient (DΨ) through specific ion transporters such as TPK3, VCCN1, AtBEST, CLCe and KEA3 (Kramer et al., 2003; Carraretto et al., 2013; Armbruster et al., 2014; Kunz et al., 2014; Duan et al., 2016; Herdean et al., 2016a,b) . DpH is a major proton motive force (pmf) for ATP synthesis in chloroplastic CF 0 CF 1 -ATP synthase (ATPase) in the phosphorylation of ADP to ATP (Groth and Strotmann, 1999; Kramer et al., 2003) .
In addition to the production of ATP, DpH across the thylakoid membranes adjusts the redox state in the reaction center chlorophyll P700 in PSI and suppresses the production of reactive oxygen species (ROS) in photosystem I (PSI) (Tikhonov, 2013; Tikkanen et al., 2015; Takagi et al., 2016a) . Recently, we showed that ROS are produced within the thylakoid membranes when electron carriers in PSI are highly reduced (Sejima et al., 2014; Takagi et al., 2016b) . Production of ROS within PSI causes serious damage to PSI activity and photosynthesis (Sejima et al., 2014; Zivcak et al., 2015; Takagi et al., 2016b) . Furthermore, we revealed that ROS-scavenging systems consisting of ascorbate peroxidase and superoxide dismutase are insufficient to protect PSI from photoinhibition (Takagi et al., 2016b) . Based on these observations, we suggested that ROS production and PSI photoinhibition are completed within the thylakoid membranes (Takagi et al., 2016b) . To prevent ROS production in PSI, oxidation of P700 in PSI is necessary, because the probability of electron donation from P700 to O 2 is suppressed (Sejima et al., 2014; Shimakawa et al., 2016; Takagi et al., 2017) . Oxidation of PQH 2 at Cyt b 6 f is a limiting step in the PET reaction, and DpH further slows down this reaction, which contributes to oxidation of P700 when the acceptor side of PSI is open (Tikhonov, 2013) . In addition, in PSII, DpH slows down H 2 O oxidation at the oxygen-evolving complex and induces non-photochemical quenching (NPQ) such as the PsbS-dependent NPQ (q E ) and zeaxanthin-dependent NPQ (q Z ) (Krieger and Weis, 1993; Niyogi et al., 1998; Li et al., 2000; Nilkens et al., 2010) . These DpHdependent mechanisms limit electron transport from PSII to PSI and prevent the over-reduction of electron carriers in PSI (Munekage et al., 2002; Suorsa et al., 2012; Kono et al., 2014; Sejima et al., 2014; Tikkanen et al., 2015) . That is, formation of a sufficient DpH is important to optimize the redox state of P700 in PSI and minimize ROS production in PSI during photosynthesis.
With regard to the formation of DpH during photosynthesis, many researchers have focused on the influx of H + from the stroma to the lumenal side of thylakoid membranes (Munekage et al., 2002; Shikanai, 2007; DalCorso et al., 2008; Miyake, 2010; Suorsa et al., 2012; Yamori and Shikanai, 2016) . Chloroplasts in higher plants have several electron flows that are different from the photosynthetic linear electron flow (LEF) (from H 2 O to NADP + ), called alternative electron flows (AEFs) (Miyake, 2010) . These AEFs are believed to stimulate H + influx without producing NADPH; therefore, AEFs are considered to have an important role in stimulating DpH formation during the PET reaction (Miyake, 2010) . Among the AEFs, cyclic-electron flow around PSI (CEF-I) and the water-water cycle (WWC) have been well investigated (Munekage et al., 2002; Shikanai, 2007; DalCorso et al., 2008; Miyake, 2010; Yamori and Shikanai, 2016) . However, recent studies have indicated that the activity of these AEFs hardly competes with LEF in higher plants. For example, compared with the rate of LEF (about 200 sec
À1
), Fd/NAD(P)H-dehydrogenase-like complex (NDH)-dependent CEF-I can only proceed at a rate of up to 1 sec À1 (Joliot et al., 2004; Gotoh et al., 2010; Trouillard et al., 2012; Fisher and Kramer, 2014) . WWC also shows a much lower electron transport activity than LEF (Driever and Baker, 2011; Shirao et al., 2013; Takagi et al., 2016a) . Taken together, these findings suggest that AEFs might not contribute to the accumulation of H + in the lumenal side of thylakoid membranes, and thus build up DpH in the PET reaction. Hence, what is the critical component for building up DpH in the PET reaction?
To identify the mechanism of DpH buildup in the PET reaction in higher plants, we screened an ethyl methane sulfonate (EMS) mutant of Arabidopsis thaliana, which shows impaired DpH formation under illumination. In our screening, we isolated an A. thaliana mutant, named hunger for oxygen in photosynthetic electron transport reaction 2 (hope2; the name is derived from the phenotype of photosynthesis under our screening conditions), and found that hope2 carried a missense mutation in the c-subunit of chloroplastic ATPase. In higher plants, chloroplastic ATPase consists of a stroma-exposed CF 1 complex that includes five different proteins (a, b, c, d and e) and a membrane-embedded CF 0 complex that has four different proteins (a, b, bʹ and c) (Groth and Strotmann, 1999; Hisabori et al., 2002; Sch€ ottler et al., 2015) . The c-subunit possesses thiol-regulatory Cys residues that form the disulfide bond, which is reduced by thioredoxin to activate ATP synthesis under illumination (Hisabori et al., 2002; Yoshida et al., 2014 ). hope2 showed a higher H + efflux in ATPase than that in the wild-type (WT) plants. The high H + efflux in ATPase caused a lower pmf and DpH in hope2, as well as the highly reduced state in PSI. Based on these results, we proposed that H + efflux management, but not H + influx activity, by chloroplastic ATPase is critical to the buildup of DpH in the PET reaction, and chloroplastic ATPase plays an important role in minimizing ROS production, in addition to ATP synthesis.
RESULTS

Isolation of hope2 from EMS-treated A. thaliana
In order to elucidate the critical component in the buildup DpH across the thylakoid membranes during photosynthesis, we attempted to isolate an EMS-treated A. thaliana mutant that impairs DpH formation and causes an overreduction state in the PET chain. The redox state of the PET chain was evaluated using chlorophyll fluorescence emitted from the leaves under illumination (Fʹ), which is regulated by photochemical quenching and NPQ under actinic light (AL) illumination (Baker, 2008) . We established specific gas conditions for the target mutant screening. Under gas conditions where CO 2 and O 2 exist, the Calvin cycle and photorespiration act as an electron sink that has a large electron consumption capacity during photosynthesis in higher plants (Badger et al., 2000; Miyake and Yokota, 2000) . The electron sink itself then adjusts the redox state of the PET chain and quenches chlorophyll fluorescence. Therefore, under such conditions, DpH-dependent redox adjustment of the PET chain would be rare. In contrast, under low O 2 (2 kPa O 2 ) and CO 2 -free conditions, electron sink activities are successfully suppressed (Miyake and Yokota, 2000) . Under these conditions AEFs such as WWC and CEF-I support the formation of DpH, and DpHdependent NPQ quenches chlorophyll fluorescence under illumination (Schreiber and Neubauer, 1990; Hormann et al., 1994) . Therefore, if the critical DpH buildup system malfunctions in A. thaliana due to EMS mutation, chlorophyll fluorescence would not be quenched under this condition. Based on these considerations, we set low-O 2 conditions (0 Pa CO 2 , 2 kPa O 2 ) to screen our target mutants. In WT, Fʹ was successfully quenched over time and approached the F o level under low-O 2 conditions (Figure 1a) . In contrast, under anoxic conditions (N 2 gas), WT failed to quench Fʹ (Figure 1b ). This result indicates that an O 2 -dependent PET reaction, namely WWC, would contribute to the generation of DpH and triggering of q E under this condition (Schreiber and Neubauer, 1990) . That is, under low-O 2 conditions WT can operate the redox adjustment system in the PET chain under illumination. In order to isolate the target mutant, we screened approximately 10 000 EMS-treated A. thaliana [Columbia-0 (Col-0)] seedling and collected the mutants that failed to quench Fʹ under low-O 2 conditions. During this screening, we obtained a recessive mutant in M 2 seedlings, named hope2. The hope2 mutant showed higher Fʹ levels than those in WT under low-O 2 conditions (Figure 1a ). In contrast, hope2 quenched Fʹ under ambient conditions (40 Pa CO 2 and 21 kPa O 2 ) and ambient O 2 conditions (CO 2 -free and 21 kPa O 2 ), where the Calvin cycle and photorespiration can operate as an electron sink (Figure 1c, d) . Under anoxic conditions, hope2 showed high Fʹ levels similar to those in WT (Figure 1b) . These results showed that the redox adjustment system in the PET chain, which is independent of electron sink activities, is disturbed in hope2.
To confirm whether malfunction of the redox adjustment system of the PET chain in hope2 was caused by insufficient DpH formation, we analyzed pmf, DΨ and DpH under low-O 2 conditions using the electrochromic shift (ECS) (Cruz et al., 2001) . We found that pmf and DpH were significantly lower in hope2 than in WT under low-O 2 conditions ( Figure S1a ,c in the Supporting Information). In contrast, under ambient conditions, pmf, DΨ and DpH were not significantly different between WT and hope2 ( Figure S1b,d ). These results indicated that the formation of DpH collapses in hope2 under conditions where the electron sink activities are suppressed and hope2 fails to quench chlorophyll fluorescence.
hope2 is an allele in ATPC1 that encodes the c-subunit of chloroplastic CF 0 CF 1 -ATPsynthase
First, we evaluated growth in hope2. Under the growth conditions in our study (see Experimental procedures), hope2 showed similar growth to that of WT (Figure 2a) . Furthermore, the chlorophyll a/b ratio, leaf chlorophyll content and N content were similar in WT and hope2 (Table S1 ). These results indicated that the mutation carried in hope2 does not disturb the plant growth.
To isolate the HOPE2 gene, we conducted detailed mapping using the F 2 generation of hope2 that was generated by crossing it with a Landsberg erecta accession. The HOPE2 gene was identified in the short arm of chromosome 4 ( Figure 2b ). Subsequently, we re-sequenced chromosome 4 in hope2 by using next-generation DNA sequencing (see Experimental procedures). We found that hope2 carried a single base pair substitution in At4g04640 (ATPC1), which encodes the c-subunit of chloroplastic ATPase. This single base pair substitution caused a missense mutation (C to T) and modified the 134th amino acid from Gly to Asp in ATPC1 (Figure 2b ). By using SWISS-MODEL (http://swiss model.expasy.org/), we identified that the missense mutation in hope2 exists in the Rossmann fold structure in ATPC1 (Figure 2c ). Furthermore, we found that among photosynthetic organisms this Gly is highly conserved in the csubunit in chloroplastic ATPase (Figure 2d ).
To confirm whether the phenotype of hope2 was caused by the missense mutation in ATPC1, we performed a molecular complementation test in hope2 by introducing genomic ATPC1 in A. thaliana and expressed ATPC1 under the control of a native ATPC1 promoter (see Experimental procedures). The complementation line (hope2/ATPC1) showed similar kinetics for Fʹ quenching to WT under low-O 2 conditions and other gas conditions ( Figure S2 ). Based on these results, we concluded that hope2 is an allele in the c-subunit of chloroplastic ATPase, which disturbs the redox adjustment of the PET chain due to the formation of an insufficient DpH.
Next, we quantified the ATPase content in WT and hope2 in isolated thylakoid membranes to study the effect of the point mutation in ATPC1. Western blot analysis showed that the b-and c-subunits of the CF 1 complex and CF 0 complex of ATPase were decreased in hope2 compared with those in WT (Figure 2e ). In contrast, the contents of PSII core protein (PsbB), PSI core protein (PsaA), the light-harvesting antenna protein of PSII (LHCb1), the light-harvesting antenna proteins of PSI (LHCa1,3) and the Cyt b 6 f complex (Cyt f) were similar in WT and hope2 (Figure 2e) . These results showed that the ATPase in thylakoid membranes was decreased in hope2 compared with WT, although hope2 did not show any decrease in other major photosynthetic machineries.
Light response analysis of photosynthetic performance in hope2 during steady-state photosynthesis
In the previous section we presented the data for identifying that chloroplastic ATPase is involved in DpH-dependent redox adjustment of the PET chain during photosynthesis under conditions where electron sink activities are limited. Next, we investigated how the buildup of DpH by ATPase affects PET reactions under conditions where the electron sinks are active to elucidate the physiological importance of ATPase for DpH formation.
First, we investigated the photosynthetic activity in hope2 during steady-state under ambient conditions. The maximum quantum yield of PSII (F v /F m ) showed similar values in WT, hope2 and hope2/ATPC1 (WT = 0.813 AE 0.006; hope2 = 0.808 AE 0.005; hope2/ATPC1 = 0.822 AE 0.004; n = 3). Light response analysis of the CO 2 fixation rate showed that hope2 has similar CO 2 -fixation activity to WT (Figure 3a) . Stomatal conductance (g s ) and the partial pressure of intercellular CO 2 (C i ) also showed similar values in WT and hope2 (Figure 3b,c) . Between WT and hope2, the quantum yield of PSII, Y(II), and the redox state of Q A (Plastoquinone: PQ) in PSII, q L , decreased in a similar way with increasing light intensity (Figure 3d ,e). NPQ increased similarly with increasing light intensity in both WT and hope2 (Figure 3f ). In addition to chlorophyll fluorescence parameters, we calculated the quantum yield of PSI, Y(I), and the quantum yield of non-photochemical energy dissipation in PSI owing to a shortage of electron donors, Y(ND), and electron acceptors, Y(NA) (Klughammer and Schreiber, 1994) . In hope2, Y(I) decreased with increasing light intensity, similar to what happened in WT (Figure 3g ). Although Y(NA) hardly changed with increasing light intensity in WT, Y(NA) in hope2 showed a large increased under high-light (HL) conditions (Figure 3h ). In hope2/ATPC1 no increase in Y(NA) under HL conditions was observed (Figure 3h ). Furthermore, Y(ND) in hope2 was lower than in WT and hope2/ ATPC1 under HL conditions (Figure 3i ). Based on these results, we found that hope2 maintains PET activity over the range of light intensity. However, unlike in WT where the PET reaction is limited at the donor side of PSI, the PET reaction in hope2 was highly limited at the acceptor side of PSI under HL conditions. Photosystem I reaches an extremely reduced state in hope2 under low-C i conditions
To evaluate the effect on the PET chain in hope2 of the changes in CO 2 availability/electron sink activity during photosynthesis, we investigated the responses of photosynthetic parameters in WT and hope2 to the changes of C i under HL conditions (950 lE m À2 sec À1 ). Although the CO 2 fixation rate in hope2 was somewhat lower than that in WT and hope2/ATPC1, there were no significant differences ( Figure 4a ). Like the CO 2 fixation rate, Y(II) in WT and hope2 increased similarly with increase in C i (Figure 4b (a) Typical plants were photographed at 3 weeks after germination. WT and hope2 were grown under day (16 h, 23°C)/night (8 h, 20°C) cycle conditions. The growth light intensity during the day was set at 150 lE m À2 sec
À1
. The ambient condition was 40 Pa CO 2 , 21 kPa O 2 , and relative humidity was maintained at about 60%. Scale bar = 1 cm. (b) Identification of the HOPE2 gene using map-based cloning and next-generation sequencing. In the chromosome, the DNA makers that were used for map-based cloning are shown. Marker sequences are shown in Table S2 . The blue region of At4g04640 (ATPC1) indicates an exon and the red cross indicates a mutation point in the hope2 mutant. (c) Structural prediction of ATPC1 in WT. The structure of ATPC1 was predicted using SWISS-MODEL (http://swissmodel.expasy.org/). In this prediction, the N-terminal transit peptide to chloroplasts (60 amino acids) was eliminated. Black arrows indicate the 134th Gly in the structure. (d) Comparison of amino acid alignment of ATPC1 between photosynthetic organisms. The bold black square indicates the mutation point in hope2. (e), (f) Western blot analysis in WT and hope2. Thylakoid membranes were isolated from rosette leaves in WT and hope2 (see Experimental procedures). The protein corresponding to 5 lg chlorophyll was loaded in each lane. (e) The representative results of Western blot analysis of thylakoid membranes both in WT and hope2. b and c indicate the b-subunit (ATPB) and c-subunit (ATPC), respectively, of the CF 1 complex in ATPase. CF 0 indicates the CF 0 complex of ATPase (ATPF). In addition to these proteins, PsbB (PSII), LHCb1 (PSII), PsaA (PSI), LHCa1 (PSI), LHCa3 (PSI) and Cyt f (Cyt b 6 f) were also quantified. (f) The relative band intensity of each photosynthetic component in the thylakoid membranes. White and gray bars indicate WT and hope2, respectively. In this quantification, the content of each protein in WT was set as 1, and the relative protein contents in hope2 are shown. Data are expressed as mean AE SEM of at least three independent experiments (n = 3-7). Asterisks indicate the significant difference between WT and hope2 (Student's t-test: *P < 0.05; **P < 0.01).
LEF under conditions where CO 2 fixation is limited for both the carboxylation of ribulose-1,5-bisphosphate (RuBP) by Rubisco and generation of RuBP (von Caemmerer and Farquhar, 1981) . Over the range of C i , q L and NPQ showed similar responses in both WT and hope2 (Figure 4c,d) . Therefore, the changes in C i hardly affected the redox state in PQ and NPQ in hope2.
In WT, Y(I) increased with increase in C i ( Figure 4e ). In hope2, Y(I) also increased with increase in C i ; however, its kinetics were different from those in WT (Figure 4e ). Although hope2 showed a lower Y(I) than in WT under very low C i conditions (40 lmol mol À1 ), hope2 showed a higher Y(I) in the C i range between 100 and 300 lmol mol À1 than did WT ( Figure 4e ). In hope2/ATPC1, Y(I) had similar kinetics to that in WT toward the changes in C i ( Figure 5e ). Y(NA) in hope2 showed considerably higher values under low-C i conditions than in WT and hope2/ATPC1 (Figure 4f ). Y(NA) in hope2 relaxed with an increase in C i ; however, Y(NA) was higher in hope2 than in WT and hope2/ATPC1, even under high-C i conditions (Figure 4f) . Y(ND) in WT and hope2/ATPC1 were higher under low-C i conditions and relaxed with an increase in C i (Figure 4g ). In contrast, hope2 hardly induced Y(ND) under low-C i conditions ( Figure 4g ). Y(ND) was induced with an increase in C i in hope2; however, it was lower in hope2 than in WT and hope2/ATPC1 (Figure 4g ). These results indicate that, in hope2, the limitation of the PET reaction at the acceptor side in PSI is more pronounced under low-C i Figure 3 . Light response of photosynthetic parameters evaluated from gas exchange, chlorophyll fluorescence and P700 + kinetics in the wild type (WT), hope2 and hope2/ATPC1. The measurements were conducted under ambient conditions (40 Pa CO 2 , 21 kPa O 2 ). Before this analysis, the leaves were illuminated by actinic light (150 lE m À2 s
) for 10 min to activate the electron sink in photosynthesis. (a) CO 2 fixation rate, (b) stomatal conductance (g s ), and (c) intercellular CO 2 concentration (C i ) were determined using gas exchange analysis. (d) Y(II) [the quantum yield of photosystem II (PSII)], (e) q L (the redox state of Q A in PSII), and (f) non-photochemical quenching (NPQ) were determined using chlorophyll florescence. (g) Y(I) [the quantum yield of photosystem I (PSI)], (h) Y(NA) (quantum yield of non-photochemical energy dissipation in PSI owing to a shortage of electron acceptors), and (i) Y(ND) (quantum yield of non-photochemical energy dissipation in PSI owing to a shortage of electron donors) were determined by absorbance change at 830 nm. These experiments were conducted at 25°C. Black squares, red circles, and gray open triangles indicate WT, hope2, hope2/ ATPC1, respectively. Data are expressed as mean AE SEM of at least three independent experiments. Statistical analyses were only conducted when one-way ANOVA was significant at P < 0.05 among WT, hope2 and hope2/ATPC1. Asterisks indicate a significant difference in hope2 compared with both WT and hope2/ ATPC1 (Tukey HSD test: *P < 0.05; **P < 0.01).
and HL conditions where the electron source activity greatly exceeds electron sink activities.
The PET reaction is highly limited at the acceptor side of PSI in hope2 during the induction phase in photosynthesis
We found that the redox adjustment in PSI is disturbed in hope2 when the capacity of the electron sink is limited. Based on these observations, we speculated that the induction phase in photosynthesis should affect the redox state of the PET chain in hope2 because the electron sinks are inactivated in the dark. To assess this possibility, we analyzed the kinetics of photosynthetic parameters during the induction phase in WT and hope2, which were adapted to the dark. After onset of AL (150 lE m À2 sec À1 ), the CO 2 fixation rate increased and reached a steady state in the WT at about 3 min (Figure 5a ). This was also observed in hope2; however, the increase in CO 2 fixation rate was somewhat slower in hope2 than in WT and hope2/ATPC1 (Figure 5a ). In contrast, g s and C i showed the same kinetics in WT and hope2 (Figure 5b,c) . Y(II) and q L in WT, hope2 and hope2/ ATPC1 were increased after onset of AL; however, hope2 showed a lower Y(II) and q L just after onset of AL (Figure 5d , e). We also evaluated the PQ redox state as described in Suorsa et al. (2012) . We found that PQ was more reduced in . The CO 2 response of photosynthetic parameters evaluated from gas exchange, chlorophyll fluorescence and P700 + kinetics in the wild type (WT), hope2 and hope2/ATPC1. In this analysis, the intensity of actinic light (AL) was set at 950 lE m À2 sec À1 . Before this measurement, the leaves were illuminated with AL (400 lE m À2 sec À1 )
for 10 min to activate the electron sink in photosynthesis under ambient conditions (40 Pa CO 2 , 21 kPa O 2 ). (a) The CO 2 fixation rate was determined using gas exchange analysis. (quantum yield of non-photochemical energy dissipation in PSI owing to a shortage of electron acceptors), and (g) Y(ND) (quantum yield of non-photochemical energy dissipation in PSI owing to a shortage of electron donors) were determined based on the absorbance change at 830 nm. These experiments were conducted at 25°C. Black squares, red circles and open gray triangles indicate WT, hope2 and hope2/ATPC1, respectively. Data are expressed as mean AE SEM of at least three independent experiments. Statistical analyses were only conducted when ANCOVA was significant at P < 0.05 among WT, hope2 and hope2/ATPC1. Asterisks indicate a significant difference in hope2 compared with both WT and hope2/ATPC1 (Tukey HSD test: *P < 0.05; **P < 0.01).
hope2 than in WT and hope2/ATPC1 just after onset of AL, independent of the calculation (Figure 5f ). The kinetics of NPQ in WT and hope2/ATPC1 transiently increased just after onset of AL, and NPQ was relaxed over time ( Figure 5g ).
This type of NPQ is recognized as q E triggered by DpH (Kalituho et al., 2007; Armbruster et al., 2014) . Conversely, the transient increase in NPQ was suppressed in hope2, unlike in WT and hope2/ATPC1 (Figure 5g ). Figure 5 . Comparison of photosynthetic parameters evaluated from gas exchange, chlorophyll fluorescence and P700 + kinetics in the wild type (WT) and hope2 during the photosynthetic induction phase. Plants were adapted to the dark for at least 1 h before this analysis. In this analysis the intensity of actinic light was set 150 lE m À2 sec À1 .
(a) The CO 2 fixation rate, (b) stomatal conductance (g s ), and (c) intercellular CO 2 concentration (C i ) were determined using gas exchange analysis. , and (j) Y(ND) (quantum yield of non-photochemical energy dissipation in PSI owing to a shortage of electron donors) were determined based on absorbance change at 830 nm. These experiments were conducted at 25°C. Black squares, red circles and gray open triangles indicate WT, hope2 and hope2/ATPC1, respectively. Data are expressed as mean AE SEM of at least three independent experiments. Statistical analyses were only conducted when one-way ANOVA was significant at P < 0.05 among WT, hope2 and hope2/ATPC1. Asterisks indicate a significant difference in hope2 compared with both WT and hope2/ATPC1 (Tukey HSD test: *P < 0.05; **P < 0.01).
The kinetics of Y(I) were similar to those of Y(II), and Y(I) in hope2 was lower than that in WT and hope2/ATPC1 just after the onset of AL (Figure 5h ). Y(NA) was higher in hope2 than in WT and hope2/ATPC1, although Y(NA) was relaxed and showed a value similar to that in WT and hope2/ATPC1 over time (Figure 5i) . The kinetics of Y(ND) was similar to that of NPQ, and the transient increase in Y (ND) was more suppressed in hope2 than in WT and hope2/ATPC1 (Figure 5j ). These results confirmed that the PET reaction is highly limited at the acceptor side in PSI in hope2 when the electron sink capacities are inactivated. Furthermore, we found that PSII reached a more highly reduced state in hope2 than in WT when the electron sinks were inactivated, unlike during steady-state photosynthesis.
hope2 shows higher H + conductance in chloroplastic
ATPase
Next, we investigated how the ATPase mutation in hope2 causes the highly reduced state in PSI where the electron sinks are limited. We analyzed pmf and H + conductance in chloroplastic ATPase (g H þ ) during photosynthesis in WT, hope2 and hope2/ATPC1 by using ECS (Sacksteder and Kramer, 2000; Baker et al., 2007; Klughammer et al., 2013) . First, we determined the response of pmf and g H þ to the changes in light intensity under ambient conditions. In WT, pmf increased with increasing light intensity and was saturated at around 300 lE m À2 sec À1 (Figure 6a ). In contrast, pmf in hope2 was lower than in WT under HL conditions (Figure 6a ). In hope2/ATPC1, pmf was induced similar to WT under HL conditions (Figure 6a ). Subsequently, pmf was divided into DpH and DΨ (Cruz et al., 2001) . DΨ was similar between WT and hope2 over the range of light intensities; however, DpH was lower in hope2 than in WT under HL conditions ( Figure S3 ). These results indicate that the decrease in pmf caused the decrease in DpH in hope2. g H þ increased up to around 100 lE m À2 sec À1 in WT and hope2/ATPC1; subsequently, g H þ decreased with increasing AL intensity (Figure 6b ). Similar to WT and hope2/ATPC1, g H þ in hope2 also increased up to 100 lE m À2 sec À1 ; however, hope2 maintained a higher g H þ than in WT and hope2/ATPC1 under HL conditions (Figure 6b ). These results showed that H + efflux through chloroplastic ATPase is stimulated in hope2 under HL conditions. . In this analysis, the AL intensity was set at 950 lE m À2 sec À1 . Before this measurement, the leaves were illuminated with 400 lE m À2 sec À1 AL for 10 min to activate the electron sink in photosynthesis under ambient conditions (40 Pa CO 2 , 21 kPa O 2 ). (e), (f) The response of pmf and g H þ in the induction phase during photosynthesis. Plants were adapted to the dark at least 1 h before this analysis. In this analysis, the AL intensity was set at 150 lE m À2 sec À1 . These experiments were conducted at 25°C. Black squares, red circles and gray triangles indicate WT, hope2 and hope2/ATPC1, respectively. Data are expressed as mean AE SEM of at least three independent experiments. Statistical analyses were only conducted when one-way ANOVA (a, b, e, f) or ANCOVA (c, d) was significant at P < 0.05 among WT, hope2 and hope2/ATPC1. Asterisks indicate a significant difference in hope2 compared with both WT and hope2/ATPC1 (Tukey HSD test: *P < 0.05; **P < 0.01).
Next we investigated the response of pmf and g H þ toward the changes in C i under HL conditions. In hope2, pmf was lower than in WT and hope2/ATPC1, and this difference was emphasized under low-C i conditions (Figure 6c) . In WT and hope2/ATPC1, g H þ decreased with decrease in C i ; however, g H þ in hope2 hardly responded to the changes in C i , and hope2 maintained a higher g H þ than in WT and hope2/ATPC1 over the range of C i (Figure 6d) .
During the induction phase of photosynthesis, WT and hope2/ATPC1 immediately formed a pmf after the onset of AL, and the pmf was relaxed over time (Figure 6e ). In contrast, hope2 showed a lower pmf after AL onset than in WT and hope2/ATPC1; subsequently, pmf increased over time (Figure 6e) . In WT and hope2/ATPC1, g H þ after the onset of AL was low and g H þ increased over the illumination time (Figure 6f ). These kinetics would contain the light activation process of ATPase by thioredoxin (Yoshida et al., 2014) . In contrast to the situation in WT and hope2/ATPC1, g H þ in hope2 was significantly higher just after the onset of AL; however, g H þ became similar in WT, hope2 and hope2/ ATPC1 over the illumination time (Figure 6f ). These results indicated that hope2 shows a lower pmf than the WT and hope2/ATPC1 when hope2 has a higher g H þ than WT and hope1/ATPC1.
Chloroplastic ATP synthase in hope2 maintains the lightdependent thiol regulatory system
The activity of chloroplastic ATPase is regulated by thiol modulation in the c-subunit via thioredoxin (Yoshida et al., 2014) . We investigated whether hope2 affects the thioredoxin-dependent regulatory system in the c-subunit of chloroplastic ATPase. In this analysis, we illuminated leaves with a single-turnover flash (100 ls), and g H þ was evaluated based on the decay of ECS signals (Kramer and Crofts, 1989; Wu et al., 2007; Kohzuma et al., 2013) . As shown in Figure S4 (a) and (b), the decay of the ECS signal was activated by AL in both WT and hope2 in comparison with dark-adapted plants. Moreover, we determined the de-activation kinetics of g H þ under dark conditions after activation of g H þ by AL (Kramer and Crofts, 1989) . Over the time of dark adaptation, WT and hope2 showed similar deactivation of g H þ ( Figure S4 ). These results indicated that hope2 maintained a light-dependent thiol-regulatory system in the c-subunit of chloroplastic ATPase.
PSI redox adjustment by chloroplastic ATP synthase is essential to avoid photoinhibition of PSI under illumination
In our previous studies we found that repetitive short-pulse (rSP) illumination in angiosperms specifically damages PSI by the production of ROS (Sejima et al., 2014; Zivcak et al., 2015; Takagi et al., 2017) . To investigate whether hope2 is vulnerable to PSI photoinhibition because of the insufficient DpH formation, we applied rSP illumination to WT and hope2. Under dark conditions, rSP illumination for 1 h largely decreased Y(I) in both WT and hope2, as observed in previous studies (Sejima et al., 2014; Zivcak et al., 2015) , and no difference was found between WT and hope2 (Figure 7a) . During rSP illumination, Y(ND) was not induced in either WT or hope2 (Figure 7b ). In contrast, the increase in Y(NA) was remarkably similar in both WT and hope2 (Figure 7c) . Y(II) decreased in both WT and hope2; however, the magnitude of decrease was slightly larger in hope2 than in WT (Figure 7d) . After rSP illumination, we evaluated the residual activities in PSII and PSI from the changes in F v /F m and the maximum photo-oxidizable P700 content (P m ) (Sejima et al., 2014; Takagi et al., 2016b) . We found that the residual activities in PSII and PSI were similar between WT and hope2 after rSP illumination for 1 h (Figure 7e) .
Next, we applied rSP illumination to WT and hope2 under ambient and HL conditions. To activate the electron sinks, we started rSP illumination after AL illumination for 5 min. In WT, Y(I), Y(ND), Y(NA) and Y(II) were stable during rSP illumination for 1 h (Figure 7f-i) . In hope2, Y(I) decreased during rSP illumination, although it was maintained at a level similar to that in WT at the beginning of rSP illumination (Figure 7f ). Y(ND) was lower in hope2 than in WT and slightly decreased during rSP illumination ( Figure 7g) ; in contrast Y(NA) was higher in hope2 than in WT and increased during rSP illumination ( Figure 7h) . As well as Y(I), Y(II) in hope2 was also slightly decreased during rSP illumination, although Y(II) was maintained in hope2 at a similar level to WT at the beginning of rSP illumination (Figure 7i ). After rSP illumination under HL conditions for 1 h, PSI activity only decreased by 10% in WT; however, PSI activity decreased by 45% in hope2 (Figure 7j) . These results indicate that hope2 is more vulnerable to PSI photoinhibition under illumination than WT because of the over-reduction state of electron carriers in PSI, as indicated by the higher Y(NA) in hope2 than in WT (Figure 7h ). Moreover, PSII activity was significantly lower in hope2 than in WT (Figure 7j ). This could be attributed to the accumulation of electrons at the acceptor side in PSII because of PSI photoinhibition (Vass, 2011) .
To confirm whether the PSI photoinhibition observed in hope2 under illumination was caused by the highly reduced state of electron carriers in PSI, we used the proton gradient regulation 5 (pgr5) mutant in A. thaliana, which shows a highly reduced state in PSI, and analyzed the effect of rSP illumination in the dark and under illumination (Munekage et al., 2002; Suorsa et al., 2012) . We found that pgr5 showed a similar magnitude of PSI photoinhibition to WT in the dark (Figure S5a,e) . In our previous study we found that the DpH-dependent adjustment of the PSI redox state for avoiding PSI photoinhibition is scarcely induced during rSP treatment in the dark because of insufficient formation of DpH by short-pulse illumination (Takagi et al., 2016b) . Therefore, the DpH formation ability would not affect the magnitude of PSI photoinhibition in the dark. In fact, Y(ND) did not increase in WT, hope2 or pgr5 during rSP illumination in the dark (Figures 7b and S5b) . In contrast, pgr5 showed higher photoinhibition of PSI by rSP illumination under illumination than did WT ( Figure S5f,j) . Further, pgr5, as well as hope2, showed lower Y(ND) and higher Y(NA) than WT under illumination ( Figure S5g,h) . These results indicate that PSI photoinhibition in pgr5 and hope2 was caused by impairment of DpH formation and consequent adjustment of the redox state of the PET chain and the large electron influx in PSI compared with WT. In pgr5, PSII photoinhibition was also stimulated by rSP illumination under AL illumination ( Figure S5i,j) . Similar to hope2, this would be caused by the accumulation of reducing electron carriers in PSII because of PSI photoinhibition (Vass, 2011) .
DISCUSSION
It has been discussed how higher plants stimulate DpH formation during photosynthesis. To address this question, we aimed to identify the mechanism for buildup of DpH in the PET reaction by screening EMS-treated A. thaliana, which fails to form DpH, and causes an over-reduced state of the PET chain. In this study, we isolated hope2, which carries a missense mutation in the c-subunit of chloroplastic ATPase. hope2 showed high H + efflux activity at ATPase and caused a lower pmf, especially under conditions where the electron source activity is excessive compared with the electron sink capacity. Generally, under these conditions, AEF is thought to be important for building up a pmf (Shikanai, 2007; Miyake, 2010; Yamori and Shikanai, 2016) . Therefore, the isolation of hope2 would provide a different insight into pmf formation during photosynthesis. From the observation that the highly reduced state of P700 chlorophyll and accelerated H + efflux through ATPase causes a lowering of pmf in hope2, we propose the physiological importance of chloroplastic ATPase to build up DpH and to oxidize P700 in PSI, which contributes to the avoidance of ROS production within PSI. We suggest that not only H + influx, but also H + efflux activity, depending on chloroplastic ATPase, determines pmf, especially DpH, across the thylakoid membranes during photosynthesis. In this study, we found that hope2 showed a lower pmf and DpH during steady-state photosynthesis ( Figure 6 ). To form DpH during photosynthesis, the PET reaction needs to operate to translocate H + into the lumenal side of thylakoid membranes (Shikanai, 2007; Miyake, 2010; Yamori and Shikanai, 2016) . However, during steady-state photosynthesis, hope2 showed a similar CO 2 fixation rate and Y(II) to WT (Figures 3 and 4) . This means that hope2 has a similar LEF activity to WT. In addition, we compared the CEF-I activity estimated from the relationship between Y(I) and Y(II) and found that WT and hope2 showed similar relationships between Y(I) and Y(II) ( Figure S6 ) (Miyake et al., 2005; Takagi et al., 2016a) . These results indicated that H + influx activities operated by LEF and AEFs are similar between WT and hope2. That is, we cannot explain the cause of the lower pmf in hope2 by the difference in H + influx activity in dependence on the PET reaction. In contrast, g H þ was higher in hope2 than in WT under conditions where hope2 showed a lower pmf than WT (Figure 6 ). These results suggest that the lower pmf in hope2 is caused by high H + efflux activity in chloroplastic ATPase during photosynthesis. Based on these findings, we propose that H + efflux activity through ATPase is remarkably associated with the buildup of pmf during photosynthesis. Chloroplastic ATPase modulates H + efflux activity in response to the changes in the driving of photosynthesis. In addition to the light-dependent activation of ATPase during the induction phase of photosynthesis, we found that WT showed remarkable changes in g H þ during the changes in light intensity and C i (Figures 3-5) . Moreover, we found that modulation of g H þ is required to increase pmf, because hope2 failed to maintain pmf when hope2 showed a higher g H þ than WT ( Figure 6 ). That is, ATPase would be able to detect what is driving photosynthesis and modulate its H + efflux activity to maintain pmf during photosynthesis. Conversely, the difference in g H þ between WT and hope2 hardly affected the CO 2 fixation rate during steadystate photosynthesis (Figures 3 and 4) . This suggests that the difference in g H þ between WT and hope2 does not affect the supply of ATP for photosynthesis. Therefore, modulation of g H þ would be a second physiological function in ATPase to build up pmf during photosynthesis in addition to the supply of ATP in chloroplasts. Rott et al. (2011) reported that g H þ was not linearly related to the content of ATPase in thylakoid membranes, and the decrease in ATPase content in thylakoid membranes did not affect g H þ , even when ATPase was decreased by more than 50% in tobacco plants. Furthermore, decrease in ATPase content up to about 50% does not affect photosynthesis (Rott et al., 2011) . This finding indicates that ATPase is present in excess in thylakoid membranes. Based on these findings, we proposed that selective H + efflux management through ATPase might occur during photosynthesis to adjust pmf and, hope2 would be impaired this selective g H þ modulation mechanism during photosynthesis. Unfortunately, we failed to identify the molecular mechanism in ATPase that regulates H + efflux. At least, we cannot explain the high H + efflux in hope2 by referring to changes in the ATPase content on the thylakoid membranes ( Figure 2 ). As mentioned above, g H þ is maintained even when the ATPase content decreases by half, and further decrease in chloroplastic ATPase on the thylakoid membranes (to less than 50% of that of WT plants) lowers g H þ (Dal Bosco et al., 2004; Rott et al., 2011; Fristedt et al., 2015) . Subsequently, over acidification on the lumenal side occurs because movement of H + on thylakoid membranes is suppressed from the lumenal to the stromal side (Kramer et al., 1999; Dal Bosco et al., 2004; Rott et al., 2011; Fristedt et al., 2015) . These studies suggest that the decrease in ATPase content would not activate g H þ . Moreover, higher g H þ would not be caused by the changes in ATPase content in hope2 because hope2 maintained about 50% of the WT ATPase content on the thylakoid membranes (Rott et al., 2011) . That is, when ATPase in hope2 normally functions similar to that in WT, g H þ should show similar values in both WT and hope2. Based on these results, we suggest that amino acid substitution of the c-subunit of ATPase in hope2 disturbs regulation of the H + efflux in response to the electron sink capacity during photosynthesis without an ATP supply, in addition to the decrease in stability of ATPase. One of the possible factors regulating ATPase H + efflux activity is the availability of ADP and inorganic phosphate (Pi) in chloroplasts during photosynthesis (Kanazawa and Kramer, 2002; Avenson et al., 2005; Takizawa et al., 2008; Kohzuma et al., 2009 Karlsson et al., 2015 . Takizawa et al. (2008) reported that g H þ was decreased by Pi deficiency in chloroplasts, leading to the buildup of pmf. Under conditions of HL and low CO 2 , and in the induction phase of photosynthesis, the ATP/ADP ratio in chloroplasts increases (Santarius and Heber, 1965; Dietz and Heber, 1986; Siebke et al., 1990; Gardestr€ om, 1993; Gerst et al., 1994; Forti et al., 2003) . The increase in ATP/ADP indicates that ATP consumption is slow relative to ATP synthesis, and the availability of ADP and Pi decreases (Santarius and Heber, 1965; Siebke et al., 1990; Gardestr€ om, 1993; Gerst et al., 1994) . These situations are consistent with those where g H þ decreased in WT (Figure 6 ). If g H þ in ATPase is regulated by the ATP/ADP ratio, the PET reaction is rapidly regulated by the changes in ATP consumption rate in electron sinks. It would be reasonable for ATPase to detect the driving situation of photosynthesis and adjust pmf by modulating H + efflux activity.
Further investigation is necessary to determine whether g H þ is regulated by the ADP/ATP ratio in vivo and how mutation of the c-subunit affects the regulation of g H þ . Chloroplastic ATPase-dependent H + efflux management is required for the redox adjustment of P700 in PSI and protects PSI from production of ROS. This finding is strongly supported by those of previous studies (Kanazawa and Kramer, 2002; Avenson et al., 2004 Avenson et al., , 2005 Kramer et al., 2004; Takizawa et al., 2008; Kohzuma et al., 2009; Rott et al., 2011) . Photoinhibition of PSI is caused by the accumulation of reduced electron carriers in PSI, which produce ROS, including O 2 À and 1 O 2 , within the thylakoid membranes (Satoh et al., 1970; Inoue et al., 1986 Inoue et al., , 1989 Terashima et al., 1994; Cazzaniga et al., 2012; Kozuleva et al., 2014; Takagi et al., 2016b) . Against the threat of ROS production in PSI, we proposed that WT plants originally possess P700 oxidizing system under conditions in which electron sink activities are limited, and electron source activity becomes high relative to electron sink capacity (Miyake et al., 2005; Shimakawa et al., 2016 Shimakawa et al., , 2017 Takagi et al., 2016a Takagi et al., , 2017 . Here, we observed that the oxidized form of P700 chlorophyll, namely Y(ND), is largely induced under HL, low CO 2 and the induction phase of photosynthesis (Figures 3-5) . As long high Y(ND) is maintained under illumination, WT plants can escape ROS production and PSI photoinhibition even under rSP illumination (Figures 7 and S5) (Sejima et al., 2014; Shimakawa et al., 2016 Shimakawa et al., , 2017 Takagi et al., 2017) . Importantly, under such conditions, g H þ was decreased and pmf was increased in WT ( Figure 6 ). These findings suggest that lowering of H + efflux activity contributes to the oxidation of P700 through the buildup of pmf. The over-reduced state of PSI in hope2 clearly supports the importance of lowering g H þ during photosynthesis (Figures 3-5) . This response would stimulate lumenal acidification and trigger the DpH-dependent limitation of electron flow from PSII to PSI at Cyt b 6 f (Kramer et al., 1999; Takizawa et al., 2008; Tikhonov, 2013; Sch€ ottler et al., 2015) . Indeed, we found that the reduction kinetics of oxidized P700 were significantly slower in WT than in hope2 under HL conditions ( Figure S7 ). To minimize ROS production in PSI, ATPase contributes to slowing down of the PET reaction when the electron source activity is excessive relative to the electron sink capacity.
Chloroplastic ATPase also facilitates the oxidization of PSII and induction of NPQ in addition to the oxidation of PSI when electron sinks are closed. We observed that hope2 also failed to induce NPQ and caused a reduced state in PSII at the induction of photosynthesis and under low-O 2 conditions (Figures 1a and 5g) . In dark-adapted leaves, Rubisco and the Calvin cycle enzymes are inactivated. On the other hand, under low-O 2 conditions, the PET reaction is remarkably limited because of the shortage of substrate for the Calvin cycle and photorespiration, although partial O 2 -dependent electron transport can occur in the thylakoid membranes (Schreiber and Neubauer, 1990; Miyake and Yokota, 2000) . Under these conditions, H + influx which depends on the PET reaction is very low compared with that in steady-state photosynthesis. Based on the fact that hope2 had a higher g H þ and lower pmf than the WT under these conditions, ATPase can build up enough DpH not only to oxidize PSI but also to induce q Etype NPQ by turning off H + efflux from the lumenal side to the stromal side of thylakoid membranes under conditions of low PET and insufficient H + influx activity (Figures 5 and   S8 ). In addition to this possibility, Zivcak et al. (2015) reported that when the PET reaction is extremely limited at PSI the overall PET reaction and induction of NPQ is inhibited, and PSII becomes reduced. Based on this finding, we speculated that, at the induction of photosynthesis and under low-O 2 conditions, over-accumulation of electrons in PSI stopped the overall PET reaction and induction of NPQ due to the malfunction of DpH formation in dependence on ATPase in hope2. These conditions might further suppress the induction of NPQ and cause the reduced state of PSII in hope2. In contrast to during the induction phase of photosynthesis and under low-O 2 conditions, hope2 induced NPQ similar to that in WT at steady-state photosynthesis where electron sinks are operative (Figures 3 and 4 ). Under these conditions, H + influx activity is maintained at a high level because of the opening of electron sinks. The pK a for the induction of NPQ by PsbS and violaxanthin de-epoxidase (VDE) (approximately 6.8) is higher than the lumenal pH under HL conditions (Takizawa et al., 2007; Zaks et al., 2012; Tikhonov, 2013) . Thus, hope2 would satisfy the lumenal pH required for the protonation of PsbS and VDE, although DpH was lower in hope2 during steady-state photosynthesis compared with WT (Niyogi et al., 1998; Li et al., 2000) . In fact, NPQ was rapidly relaxed after off-set AL illumination in hope2 similar to in WT ( Figure S9 ). This result suggests that q E and other types of NPQ were induced in hope2 similar to in WT under steady-state photosynthesis.
In contrast to the lumenal pH response of NPQ, the PQH 2 oxidation rate at Cyt b 6 f broadly responds to lumenal pH, and lumenal acidification slows down PQH 2 oxidation (Tikhonov, 2013) . Therefore, the decrease in DpH in hope2 would be apparent as the magnitude of PSI reduction . These results suggest that DpH-dependent PET regulation at Cyt b 6 f would be more important for oxidizing PSI than for NPQ (Tikkanen et al., 2015) . Finally, we summarize the physiological importance of ATPase-dependent H + efflux management during photosynthesis ( Figure 8 ). When land plants are subjected to suboptimal conditions for photosynthesis, such as drought or fluctuating light conditions, they are at risk of producing ROS. However, ATPase detects excess electron source activity relative to electron sink activity by the slower ATP consumption rate or an unknown g H þ regulatory factor, and pmf is immediately built up in the thylakoid membranes by decreasing the H + efflux activity in ATPase. This buildup of pmf would be beneficial for triggering a brake in the PET reaction at Cyt b 6 f and slowing down of NADPH production to avoid the over-reduction state in PSI and chloroplast stroma . Based on our findings, improvement of H + efflux management by ATPase might increase tolerance against oxidative stress under field conditions. From the present study we propose that the increase in stability and improvement of H + efflux management in chloroplastic ATPase would improve the robustness of plants to environmental stresses by minimizing ROS production within PSI.
EXPERIMENTAL PROCEDURES Plant material and plant growth conditions
In this study, we used A. thaliana (Col-0) mutagenized with EMS that was purchased from Lehle Seeds (http:// www.arabidopsis.com/). Seeds were imbibed using wet cotton at 4°C for 3 days to promote synchronized germination. The imbibed seeds were grown in a mixture of soil (Metro-Mix 350; Sun Gro Horticulture, http://www.sungro.com/) and vermiculite (Konan, http://www.kohnan-eshop.com/shop/) in pots (7.5 cm 9 7.5 cm long/wide and 6 cm deep). The plants were placed in an environmentally controlled chamber with 16 h of light (23°C) and 8 h of dark (21°C). The light intensity was 150 lE m À2 sec
À1
. The seedlings were watered every second day with 0.1% hyponex solution (N:P:K = 5:10:5; Hyponex, https://www.hyponex.co.jp/en). Analyses were performed on fully expanded rosette leaves of plants grown for at least 3 weeks.
Mutant screening
Target mutants were screened by monitoring chlorophyll fluorescence, which was measured using a Fluo CAM 650 (Photo Systems Instruments, http://www.psi.cz/). Ambient gas (40 Pa CO 2 / 21 kPa O 2 ) and gases with the indicated mixture of pure O 2 and CO 2 were prepared by mixing 20.1% (v/v) O 2 in 79.9% (v/v) N 2 , 1% (v/v) CO 2 in 99% N 2 , and pure N 2 gas, respectively, using a mass-flow controller (Kofloc model 1203, Kojima Instrument Co., http://www.kofloc.co.jp/kofloc_e/). The chlorophyll fluorescence parameters were calculated as described by Baker (2008) ) and a saturated pulse (10 000 lE m À2 sec À1 , 1 sec) were applied to determine F o and F m . Experiments were conducted at 25°C, and the AL illumination intensity was 150 lE m À2 sec
À1
. EMS-treated A. thaliana plants (approximately 10 000) were screened at our screening conditions (low-O 2 conditions) and ambient air conditions (40 Pa CO 2 , 21 kPa O 2 ) by monitoring their chlorophyll fluorescence individually. After the candidate mutants were isolated, we crossed them with WT A. thaliana at least three times and obtained M 0 plants. After the M 0 plants were acquired, candidate mutants were selffertilized, and M 2 seedlings were obtained for photosynthetic characterization.
The quantification of leaf chlorophyll and nitrogen content
The chlorophyll content was measured using the method of Porra et al. (1989) . Leaf segments were incubated in N,N-dimethylformamide at 4°C overnight. Absorbance at 750 nm, 663.8 nm and 646.8 nm was measured to calculate the chlorophyll content. The chlorophyll content in leaves was represented on a leaf area basis. The total leaf nitrogen content was determined using Nessler's reagent in a digestion solution after the addition of potassium sodium tartrate (KNaC 4 H 4 O 6 ) (Makino and Osmond, 1991) . Detached leaves were kept in a drying machine (60°C) and dehydrated over night. Sulfuric acid 60% (v/v; 100 ll) and dehydrated leaves were mixed in a glass tube and incubated at 150°C in a heating block thermostat bath for 40 min. After the glass tube was cooled in air, 30% (v/v) H 2 O 2 (50 ll) was added to the mixture. The mixture was incubated at 180°C for 40 min in a heating block, and then 50 ll H 2 O 2 was added after the mixture was cooled. The incubation in the heating block and the addition of H 2 O 2 were repeated twice, but the incubation temperature was increased to 220°C and 260°C for each additional incubation. The incubation at 260°C and the addition of H 2 O 2 were continued until the color of the mixture turned from brown to clear. When the mixture became clear, distilled water (4.95 ml) was added and the solution was mixed vigorously. The mixture (500 ll), distilled water (4.25 ml), 10% (w/v) potassium sodium tartrate solution (100 ll), and 2.5 N sodium hydroxide (NaOH; 50 ll) were mixed, and Nessler's reagent (100 ll) was immediately added to the mixture. The nitrogen content was determined by measuring the change in absorbance at 420 nm.
Measurement of gas exchange, chlorophyll fluorescence and P700 + Gas exchange analysis, chlorophyll fluorescence and P700 + were simultaneously measured using an Li-7000 CO 2 /H 2 O analyzer (Li-Cor, https://www.licor.com/) and Dual-PAM-100 (Heinz Walz GmbH, http://www.walz.com/). Ambient gas (40 Pa CO 2 /21 kPa O 2 ) and gases with the indicated mixture of pure O 2 and CO 2 were prepared by mixing 20.1% (v/v) O 2 in 79.9% (v/v) N 2 , 1% (v/v) CO 2 in 99% N 2 , and pure N 2 gas, respectively, using a mass-flow controller (Kofloc model 1203, Kojima Instrument Co.). The gases were saturated with water vapor at 18.0 AE 0.1°C, and leaf temperature was maintained at 25°C. The chlorophyll fluorescence parameters were calculated as described by Baker (2008) by using the following parameters: F o , minimum fluorescence yield; F m , maximum fluorescence yield; and Fʹ, steady-state fluorescence yield. Measurement light (0.1 lE m À2 sec À1 ) and a saturated pulse (20 000 lE m À2 sec À1 , 300 msec) were applied to determine F o and F m . The oxidation-reduction state of P700 chlorophyll was determined according to the method of Klughammer and Schreiber (1994) . The maximum oxidation level of P700 chlorophyll (P m ) was obtained using a saturated pulse under far-red light, and the maximum amount of photo-oxidized P700 chlorophyll was determined. Actinic red light (AL) was used to measure the photosynthetic parameters.
Measurement of the electrochromic shift
Gas exchange analysis and the measurement of the ECS were simultaneously carried out using a Li-7000 and Dual-PAM-100 equipped with a P515-analysis module (Klughammer et al., 2013) . The gaseous phase was controlled as described in the previous section. The gases were saturated with water vapor at 18.0 AE 0.1°C and the leaf temperature was maintained at 25°C. The pmf and g H þ were measured using dark interval relaxation kinetics (DIRK) analysis as described in Sacksteder and Kramer (2000) and Baker et al. (2007) . The magnitude of pmf was normalized by dividing the magnitude of ECS decay in DIRK analysis by that of ECS induced by single-turnover flash (10 lsec). DΨ and DpH were measured as described in Cruz et al. (2001) . The magnitudes of DΨ and DpH were also normalized by dividing their magnitude by that of the ECS induced by a single-turnover flash.
rSP illumination
The rSP illumination was applied to A. thaliana leaves that had been dark-adapted for at least 1 h, as previously described (Sejima et al., 2014) . Plants were illuminated with short pulses (20 000 lE m À2 s
À1
, 300 msec) every 10 sec in the absence or presence of AL (950 lE m À2 sec
) for 1 h under ambient conditions (40 Pa CO 2 , 21 kPa O 2 ). After rSP illumination, the photosynthetic residual activities of PSII and PSI were determined as described in the figure legends.
SDS-PAGE and Western blot analysis
For protein analysis, thylakoid membranes were isolated from WT and hope2 leaves as described in Hisabori et al. (1993) . Proteins were separated based on chlorophyll content (5 lg), which was evaluated as described in Arnon (1949) . Proteins were electrophoresed on 12.5% (w/v) SDS-polyacrylamide gels containing 6 M urea (Takagi et al., 2016b) . Proteins were separated using SDS-PAGE, transferred onto polyvinylidene difluoride (PVDF) membranes (Merck Millipore, http://www.merckmillipore.com/) and then blocked with blocking one reagent (Nakalai Tesque, http://www.nacalai.co.jp/) for 30 min at room temperature (25°C). The PVDF membranes were subsequently incubated with specific peptide antibody for 1 h at room temperature. They were washed three times with TBS Tween buffer [10 mM TRIS-HCl (pH 7.4), 0.14 M NaCl, 0.1% (v/v) Tween-20] and incubated with ECL ™ peroxidase-labeled anti-rabbit antibody (GE Healthcare, http://www3.ge healthcare.com/) for 1 h at room temperature. The membranes were washed three times with TBS Tween buffer. Proteins were detected after alkaline phosphatase labeling.
Map-based cloning
We conducted mapping for the HOPE2 gene as described in Okumura et al. (2013) . We crossed hope2 (Col-0) and WT (Ler) and isolated individual hope2-type F 2 plants. DNA was extracted from the leaves of these plants, and the HOPE2 gene was searched for using various cleaved amplified polymorphic sequence (CAPS) and simple sequence length polymorphism (SSLP) markers. The primers used for mapping are shown in Table S2 .
Re-sequencing and detection of SNPs
Genomic DNA was extracted using a DNeasy Plant Mini Kit (Qiagen, http://www.qiagen.com/). Each DNA sample (about 1.5 lg in 130 ll of solution) was sheared using a Covaris S2 (Covaris, https://covarisinc.com/) with the following settings: duty cycle 10%; intensity 5; cycles/burst 100; 600 sec. Half of the sheared DNA was applied to library construction using a SPARK DNA Sample Prep Kit, Illumina Platform (Enzymatics Inc., http://www.en zymatics.com/). For adaptor and primers, NEBNext Singleplex Oligos for Illumina (NEB, https://www.neb.com/) was used. PCR reactions for library amplification were performed using Kapa HiFi 29 Mastermix (Kapa Biosystems, https://www.kapabiosystems.c om/), with eight cycles of the recommended cycle condition. The amplified library was separated with 2% agarose gel, and a 200-400 bp range of gel was sliced out to recover the library DNA. All libraries were quantified by real-time PCR using a LightCycler480II (Roche Diagnostics, http://www.roche.com/) and SYBR Fast Illumina Library Quantification Kit (Kapa Biosystems) to adjust the library concentration. Sequencing was conducted on GAIIx (Illumina, http://www.illumina.com/), using TruSeq reagents (Cluster Kit v2 and SBS Kit v5) with 10 pM denatured libraries.
FASTQ data were imported into StrandNGS software (Agilent, http://www.agilent.com/), and mapping of 75-nucleotide reads to the Arabidopsis Col-0 genome was done using the COBweb algorithm with the following parameters: minimum alignment score 95, number of gaps allowed 5; number of matches to be output for each read 1; ignore reads with alignment length less than 25; trim 3 0 end with average base quality less than 10. Bayesian-based single nucleotide polymorphisms (SNPs) were extracted in StrandNGS with the following parameters: ignore reference locations with coverage below 6; ignore reference locations with variants below 4; confidence score cutoff 30. Effects by SNPs were detected on annotated genes (Ensemble Transcripts at 16 December 2012), then further analyzed with Excel. Candidate SNPs were selected using the following criteria: specific lines had specific SNPs and the sequence at the same position for other lines was the same as the reference genome; the percentage of mutated SNP sequence was more than 60% for coverage; only typical conversions of nucleotide by EMS (G to A/C to T) were selected. Raw sequence data were deposited in the DDBJ Sequence Read Archive (accession number DRR059727).
Plant transformation
Plant transformation was performed as described in Okumura et al. (2013) . To generate complementation lines of hope2, genomic DNA of ATPC1-containing 2 kb of the 5ʹ end and 2 kb of the 3ʹ flanking sequence were amplified using KOD-FX NEO (Toyobo, http://www.toyobo-global.com/), and this amplified sequence was subcloned into pDONR 221 (Invitrogen, http://www.invitrogen.c om/). For the plant transformation, we used the primers shown in the following to amplify the ATPC1 containing sequence in WT: ATPC1 forward, 5ʹ-AAAAAGCAGGCTTGTAATTTCGATATGAAATT-3ʹ; ATPC1 reverse, 5ʹ-AGAAAGCTGGGTGAGTTTGGCGCTATTTTG GA-3ʹ. We used Gateway technology (Invitrogen), and the subcloned sequence was transferred to pGWB401 (Nakagawa et al., 2007) . The transformation of hope2 was performed by floral dipping using Agrobacterium tumefaciens (strain C58pMP90) (Clough and Bent, 1998) .
Statistical analyses
We used one-way ANOVA, ANCOVA, Student's t-test and the Tukey HSD test to detect differences among WT, hope2 and hope2/ATPC1. All statistical analyses were performed using SYSTAT 13 (SYSTAT Software Inc., https://systatsoftware.com/). sequence data. DT and CM drafted and completed this manuscript with contributions from all the authors. CM supervised and approved the final draft.
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